Eradication of tumors by the immune system relies on the efficient activation of a T-cell response. For many years, the main focus of cancer immunotherapy has been on cytotoxic CD8 T-cell. However, stimulation of CD4 helper T cells is critical for the promotion and maintenance of immune memory, thus a good vaccine should evoke a two-dimensional T-cell response. The invariant chain (Ii) is required for the MHC class II heterodimer to be correctly guided through the cell, loaded with peptide, and expressed on the surface of antigen presenting cells (APC). We previously showed that by replacing the Ii CLIP peptide by an MHC-I cancer peptide, we could efficiently load MHC-I. This prompted us to test whether longer cancer peptides could be loaded on both MHC classes and whether such peptides could be accommodated in the CLIP region of Ii. We here present data showing that expanding the CLIP replacement size leads to T-cell activation. We demonstrate by using long peptides that APCs can present peptides from the same Ii molecule on both MHC-I and -II. In addition, we present evidence that antigen presentation after Ii-loading was superior to an ER-targeted minigene construct, suggesting that ER-localization was not sufficient to obtain efficient MHC-II loading. Finally, we verified that Ii-expressing dendritic cells could prime CD4 + and CD8 + T cells from a naïve population. Taken together our study demonstrates that CLIP peptide replaced Ii constructs fulfill some of the major requirements for an efficient vector for cancer vaccination.
Introduction
Cancer immunotherapy represents an attractive strategy to defeat cancer; it relies on the activation of the patients' own immune system and its ability to identify and eradicate neoplastic cells. 1, 2 One approach, so-called active immunotherapy, is through vaccination of patients by the delivery of cancer antigens together with an adjuvant. The desired outcome is to evoke a tumor-specific T cell immune response in vivo. Because of their special properties as professional antigen presenting cells (APCs), dendritic cells (DCs) represent a natural vehicle for antigen delivery in therapeutic cancer vaccines. 3 These cells have a unique ability to efficiently process and present antigenic peptides to effector cells in the context of Major Histocompatibility Complex (MHC or HLA, Human Leukocyte Antigen, in humans) molecules. For a long time it was believed that stimulation of cytotoxic CD8 + T cells was sufficient to induce the antitumor response, and therefore, vaccination campaigns have been focused on MHC-I restricted peptides. 4, 5 The rationale behind this was that all cells, including tumor cells, are MHC-I positive, whereas MHC-II expression is restricted to APCs, and therefore MHC-I presentation should be sufficient for cancer surveillance and for cancer immunotherapy.
However, several studies have shown that CD4 + Helper T cells play a critical role in the promotion and maintenance of memory CD8 + T cells, and also in tumor control, 6 suggesting that both CD8 + and CD4 + T cell responses should be evoked through vaccination strategies. 6, 7 Consequently, in order to obtain efficient stimulation, antigenic peptides should be loaded on both MHC-I and MHC-II molecules. Ideally, the CD8 + and CD4 + T cell responses should be directed against nested epitopes as high avidity memory responses are obtained through specific rather than bystander CD4 + T-cell help. 8, 9 The classical view of antigen loading is that endogenous proteins are degraded by the proteasome and retrotransported to the ER for MHC-I loading, whereas exogenous proteins are taken up by endocytosis and loaded on MHC-II in specialized endosomal compartments. 10, 11 In addition, alternative models have been suggested for MHC-I loading including cross-presentation pathways 12 where MHC-I are loaded with peptides from exogenous proteins. Both MHC-I and II are synthesized in the ER, but while MHC-I is normally loaded in this compartment, MHC-II is most efficiently chaperoned by Invariant Chain (Ii) to proteolytic late endosomal peptide-loading compartments where peptides generated from exogenous proteins may bind. Peptide loading of MHC-II requires an additional molecule, HLA-DM, to catalyze the process. 13 Methods have been proposed to improve both MHC-I and II peptide loading 14, 15 and many of these focus on ER targeting; suggesting that when peptides are routed to the ER, both MHC molecules can be loaded.
Several studies have demonstrated that the MHC-II scaffolding partner Ii is able to load MHC-II molecules with specific antigens when the coding sequence of Class IIassociated Invariant chain peptide (CLIP) region is replaced with known MHC-I or II epitopes. [16] [17] [18] [19] In addition, Ii and MHC-I are reported to bind each other. [20] [21] [22] Based on this, we recently tested the use of Ii-CLIP replaced constructs to load MHC-I and exchanged Ii-CLIP peptide with validated Class I epitopes for which we possess the cognate T cell receptors (TCRs). We presented evidence that MHC-I could be loaded by modified Ii and further demonstrated that presentation through Ii could evoke specific activation of both memory and naïve CTLs when the modified li was expressed in DCs. 23 We showed that the use of CLIP-exchanged Ii constructs could be a straightforward way of loading antigenic peptides without using the classical loading machinery necessary for MHC-I presentation. Thereby, Ii-loading could avoid proteasome cleavage, ER retro-translocation or any of the more complicated cross-presentation mechanisms.
In the present study, the aim was to extend the spectrum of Ii-based loading peptides for MHC-I and, in addition, test simultaneous loading of MHC-II. We used a previously validated antigenic peptide from the transforming growth factor b receptor II (TGFbRII) frameshift mutant. 24 We took advantage of the following points: (i) the peptide had previously been used in the clinic, (ii) from immunomonitoring studies we had isolated both Class-I and Class-II restricted TCRs specific for overlapping peptides of the vaccination peptide 25 and unpublished data. We here show that CLIP replacement with a long peptide indeed enabled peptide presentation on both MHC types in the same type of APCs. We further screened for the size of the CLIP-replacement insert and demonstrated that a replacement of up to 34 amino acids was tolerated for antigen loading. Interestingly, the fusion of the full-length frameshift TGFbRII to Invariant chain was retained in the ER and not presented on MHC-II, supporting the advantage of an invariant chain-based CLIP-oriented design over a simple ER-targeting one. We found that all our invariant chain constructs resided in the ER, but only those that were transported to the endosomal pathway could load both MHC-I and II suggesting that ER targeting is not sufficient for proper MHC loading. Finally, we show that not only model cells but also DCs could be loaded by the CLIP replaced Ii-vector and stimulate both CD4 + and CD8 + T cells.
Results

CLIP region of Ii can accommodate long peptide
We previously found that CLIP-exchanged Ii could deliver MHC-I peptides. 23 In order to expand the range of HLA loading, we tested the possibility of including a longer peptide in the Ii construct. As a target, we used a relevant antigenic peptide corresponding to the common frameshift mutation in TGFbRII. 26 When mutated a neo-antigen stretch of 34 amino acids is generated (Figure 1(a) ), from which we previously defined a peptide of 9 amino acids (9AA) that was later shown to be HLA-A2 restricted. 24, 27 In addition, we recently published on a TCR, Radium-1, which is specific for this peptide-MHC (pMHC) combination. 25 This TCR was isolated from a vaccinated cancer patient. 26 We thus selected the original vaccination peptide, a 19-mer peptide (Figure 1(a), 19AA ) and subcloned it into Ii by CLIP replacement (Figure 1(a) , IiTGF19AA) in order to study the presentation of longer peptides on MHC-I. A construct using the validated 9-mer was also prepared and used as a control (IiTGF9AA).
First, we measured the ability of Radium-1 to recognize the different Ii constructs in a functional assay where CD107a was used as an activation marker. As shown, healthy donor redirected T cells were only stimulated when the cognate TGFantigenic peptide was presented, independently of the size: IiTGF19AA was as efficient as IiTGF9AA, suggesting that when inserted into Ii the same peptide was, after processing, loaded on MHC-I. In addition, we compared the peptide loading efficiencies of Ii constructs to those of other loading vectors. As expected, the vaccination peptide (19AA) as well as transfection with full-length TGFbRII frameshift protein or with a single chain trimer construct 28 displaying the 9AA peptide (SCT9AA) were equally potent to present the 19AA vaccination peptide (Figure 1(b) ). From this, we see that presentation of a 9-mer by the Invariant chain can be expanded to peptides longer than the short CLIP sequence which opens the possibility to combine MHC-I and MHC-II presentation. We recently isolated MHC-II restricted TCRs from another TGFbRII-vaccinated patient (Inderberg, Wälchli et al. unpublished data). One of them, Radium-6 TCR, is HLA-DR4 restricted and was used in a functional assay against EBV-LCL HLA-DR4+ cells presenting the 19AA peptide. We monitored TNF-α released from CD4 + T cells as an activation marker. As shown in Figure 1(c) , only the vaccination peptide (19AA) and the IiTGF19AA construct were able to significantly stimulate Radium-6 redirected T cells. As expected the IiTGF9AA did not activate Radium-6 TCR since the peptide sequence was too short and neither did the full-length frameshift mutant protein when overexpressed in APCs. This is in agreement with our previous report showing that CLIP-replaced Ii constructs efficiently transferred epitopes to the luminal side of the ER, and then transported to the endosomal pathway for processing and loading while cytosolic proteins were not presented. In order to confirm the potency of our design, we prepared another construct from a validated tumor antigen, CEA. We used the HLA-A2 CEA peptide 691-699 and expanded its sequence to create a longer peptide 678-702 similar to a vaccination peptide (Sup. Figure 1(a) ). Similar to the experiments using TGFbRII, these antigenic peptides were inserted instead of the CLIP sequence of Ii. We confirmed our first observation and showed that the short and the long sequences could both be presented to T cells expressing the specific TCR; suggesting that the long peptide was correctly trimmed in the cell (Sup. Figure 1(b) ). Taken together these data show that CLIP replaced Ii with a long peptide antigen is functional in terms of peptide loading and it can further load both MHC-I and MHC-II molecules.
Optimization of peptide length insert for Ii delivery
We next tested, using the initial target, the optimal size of the peptide for antigen presentation by Ii. We designed three additional constructs (Figure 2(a) ): IiTGF34AA contains the full-length neo antigen at the CLIP site, IiTGF166AA is a fusion between Ii until the CLIP peptide with the fulllength TGFbRII frameshift and IiTGF166AAb is the same construct but where the frameshift sequence replaces CLIP. EBV-LCL HLA-A2+/HLA-DR4+ were electroporated with the indicated constructs. A functional assay was then performed using autologous redirected T cells. As shown, when Radium- 1 TCR was expressed, all Ii-constructs were as stimulatory as the 19AA peptide, suggesting that they were all expressed, degraded and loaded with an equivalent efficiency ( Figure 2 (b) top). However, this observation did not provide any indication about the origin of the peptides. In order to understand this, we tested if the antigenic peptides were produced by the proteasome-dependent degradation machinery (in the cytosol) or if they were loaded in the ER bypassing the cytosolic degradation as we previously showed for CLIP exchanged peptide. 23 In order to restrict our analysis to the ERdependent loading, we used T2 cells which are unable to transfer peptide from the cytosol to the ER due to their deficiency in a peptide transporter associated with antigen processing (TAP). We have previously shown with Melan-A antigen that T2 could load MHC-I from CLIP-modified Ii but not from full-length cytosolic protein. 23 As expected, in T2 cells, the full-length TGFbRII frameshift construct was barely presented (Figure 2 (b) bottom). Conversely, the Ii constructs carrying antigenic peptides of 34 amino acids or shorter could bypass the TAP deficiency and were successfully presented. Insertion of the longest constructs (166AA) resulted in no loading of the antigenic peptide, suggesting that these constructs were mainly degraded in the cytosol when tested in EBV-LCL cells. We also repeated the experiment in T2 cells using IiCEA constructs and demonstrated that the trimming of the long peptide (CEA 678-702 ) was not by cytosolic degradation but rather by trimming in the lumen of ER or later in the endomembrane system (Sup. Figure 1 . These results were confirmed by using a TCR of a different MHC-II restriction, the Radium-5 TCR (Sup. Figure 2 ). Thus, MHC-II loading was only observed with IiTGF19AA and IiTGF34AA constructs, suggesting that either the long fusions were not correctly inserted into the ER, or that peptides were not efficiently transferred to the ER.
Subcellular distribution of Ii-constructs
To verify that all the Ii constructs could egress from the ER and follow the conventional endocytic pathway, we performed colocalization studies using confocal microscopy on MDCK cells expressing different constructs ( Figure 3 ). As a marker for Ii, we added anti-Ii fluorescent antibodies to the medium. These bound to Ii at the plasma membrane and were rapidly internalized, 29 showing that the Ii constructs traffic via the plasma membrane to the endosomal pathway. We first analyzed the vesicular transport of the internalized antibody to lysotracker positive vesicles (Figure 3(a) ) and found that all constructs except IiTGF166AA trafficked to the lysosomal pathway without any marked differences. We next analyzed the colocalization of Ii with Rab-5 positive vesicles and observed the same distribution as with lysosomes (Figure 3(b) ). The immunofluorescence showed that the late endosomal membranes were labeled with the antibody indicating that the constructs themselves could traffic to late proteolytic compartments. Thus, CLIP exchange does not seem to significantly influence the trafficking of Ii up to 34 amino acids in size. We finally investigated the localization of the IiTGF166AA construct and found that it was retained in the ER (Figure 3(c,d) ). Consequently, as expected, processing and loading of peptides onto MHC-II is dependent on transport to the endosomal pathway. From these data, we conclude that CLIP can be replaced by larger peptides, but only to a defined extent, as it was dependent on the ability to traffic to the endosomal pathway.
Quality of ii-driven MHC-II loading
Although more difficult to establish in a clinical setting, vaccination through endogenous routes such as mRNA electroporation, 30 DNA transfection 31 or viral transduction 32 have some advantages over direct peptide loading of MHC molecules. We have previously shown that MHC-I loading by CLIP replaced Ii construct was independent of cytosolic proteolysis and transport to the ER. 23 Most of the recent literature describes the use of an ER-targeted minigene vector for vaccination. Although minigenes most commonly are adapted to present on MHC-I, we wanted to compare loading by Ii to that of a minigene for both MHC classes. We therefore generated and validated a minigene-based construct composed of an ER-targeting sequence and a fusion of antigenic peptides separated by furin cleavage sites 33 in which we placed the 19AA peptide from the TGFbRII frameshift mutant (Figure 4(a) ). In order to validate the correct transport of the minigene in a TAP-independent manner, we performed a functional assay using T2 cells as antigen presenting cells. T2 cells were transfected with either the minigene or the frameshift full-length TGFbRII protein or loaded with 19AA and incubated with Radium-1 expressing T cells (Figure 4(b) ). T cell stimulation was monitored by TNF-α release and showed efficient minigene-dependent stimulation, suggesting that the construct was functional and could traffic antigenic peptide to the ER independently of TAP. We then compared the minigene to the Ii-construct side-by-side in electroporated EBV-LCL cells compatible to Radium-1 and Radium-6 TCRs. To obtain data on loading dynamics using both constructs we measured equivalent T cell stimulation over time. As shown in Figure 4 (c), there was no difference between constructs or peptide pulsing when comparing MHC-I loading. However, MHC-II loading showed stricter requirements: IiTGF19AA was as efficient as peptide loading in terms of complex stability and presentation, but minigene was unable to load MHC-II molecules. Taken together, these data show that Ii is superior to minigene for MHC-II loading.
Ii loading by professional APCs
To further validate the efficiency of Ii as cancer vaccine solution, we evaluated Ii potency in DCs which are professional APCs. One crucial aspect contributing to antitumor vaccine efficacy is the capability to generate strong and durable tumor-specific CD8+ and CD4 + T cell immunity, and DCs have been shown to activate both naïve and memory T cells. We selected the IiTGF19AA construct since it was the most efficient loading vector for stimulating both CD4
+ and CD8 + T cells. We selected a healthy donor carrying the MHC alleles corresponding to our reactive TCRs, namely HLA-A2, -DR7 and -DR4, for Radium-1, −5 and −6, respectively. We first validated our assay by transfecting donor T cells with the TCR constructs and incubated them with autologous DCs either at the stage of mature DCs or immature DCs; in the latter case immature DCs were further stimulated with the maturation cocktail to achieve a fully mature state (Sup. Figure 3(a) ), because mature DCs are less efficient to present peptide. 34, 35 The strategy was performed to supply the tumor antigen to the immature DCs and then achieve a fully DC maturation by using a clinical approved maturation cocktail. DCs were either loaded directly by peptide incubation, or mRNA electroporated with IiTGF19AA construct or the full-length TGFbRII frameshift construct. T-cell stimulation was monitored by TNF-α-presence in both CD8 + and CD4 + T cells. As shown in Figure 5 , both mature and immature DCs could stimulate through MHC-I (Radium-1) or MHC-II (Radium-6 and Radium-5, Sup. Figure3(b) ), thus T cells could be stimulated by DCs electroporated to express li constructs, independently of their maturation state for antigen loading. In the case of MHC-II, Radium-6 and Radium-5 differed in their preference: Radium-6 TCR was more strongly stimulated by exogenous peptides in contrast to Radium-5 TCR which was more sensitive to the Ii construct (Sup. Figure 3(b) ). This suggests that MHC-II capacity to be loaded might also be allele dependent; thus, quantitative conclusions on the presented data would be meaningless at this stage. In addition, the amount of peptide used to load DCs is many folds higher than the peptide generated by the Ii construct, restricting us to qualitative conclusions. Finally, the full-length TGFbRII frameshift protein was only able to stimulate Radium-1 TCR upon mRNA transfection ( Figure 5 , black) which is in agreement with the MHC-II-dependent exogenous delivery model.
We then tested whether mature DCs could prime naïve T cells (Figure 6(a) ). We isolated monocyte-derived DC, which were matured and loaded with TGF peptide either by incubating with peptides or by electroporation. The experiments were performed for the 19AA and IiTGF19AA construct. We then incubated these DCs with autologous T cells. A boost was given on day 12 using either peptide or mRNA. After 22 days of co-culture, peptide-reactive T cells were detected using a functional assay where autologous EBV-LCL cells were loaded with the 19AA peptide, and representative flow plots are shown in Figure 6 (a). For our analysis, we separated CD4 and CD8 T cells in order to study the efficiency in MHC-I and MHC-II loading between the peptide and Ii. We then pooled data from two independent experiments (n = 5) in order to obtain a quantitative view of the antigen loading efficacy. As shown, significance was reached only when CD8 + T cells were primed by IiTGF19AA electroporated DC (Figure 6(b) ). The fact that even the clinically tested 19AA peptide did not reach significance indicating that a higher number of DC stimulations should have been analyzed to increase the statistical power; however, it also suggests that Ii is an efficient vaccination tool despite the suboptimal analysis conditions. In addition, a marked tendency was observed in all the conditions, we thus believe that the number of experiments performed and donors tested was too low considering the fact that the expected frequencies of specific T cells in healthy donors is very low and the sensitivity of the assay (ICS by flow cytometry) might not be sufficient. Furthermore, the multimer technology, that represents the most sensitive tool for such purposes, could not be performed because the MHCmultimer production failed upon multiple attempts. From these data we conclude that the replacement of CLIP with a large peptide could be expressed in DCs and presented on both MHC Class I and Class II, leading to an efficient priming of CD8 + T cells and a tendency for enhanced priming of CD4 + T cells.
Discussion
Cancer vaccination can be considered as a safe therapy with a minimal toxicity, and if well designed or well combined with other drugs, it could become a standard cancer treatment. In addition, recent reports have demonstrated that DC-based vaccines are promising since they reduce tumor growth and improve survival. 7, 36 An ideal vaccine should, therefore, have the capacity to evoke an integrated immune response, where DC would induce both CD4 + and CD8 + T-cell stimulation. 37, 38 Although certain studies have shown that bystander CD4 T-cell help is very efficient, 39 others have shown that specific CD4 T-cell help is required. 9 One advantage is that CD4 T cells that specifically recognize tumor antigens could provide local help for antitumor CD8 T cells in the TME 40 : CD4 T-cell help in the tumor milieu is required for recruitment and cytolytic function of CD8 T lymphocytes. Long peptides containing multiple epitopes which can be loaded by different MHC alleles will probably represent the optimal alternative. In this context, CLIP replaced Ii can be seen as a promising vaccination vector candidate.
We show that the CLIP peptide replacement could be extended to 34 amino acids without affecting the conventional mode of antigen presentation. Indeed, both short and long Ii TGFbRII vehicles promoted epitope loading on MHC class I molecule and could stimulate Class-I restricted Radium-1 TCR. Notably, responses elicited by presentation of the antigen in an Ii vector were comparable to those achieved by other strategies/routes of antigen loading such as exogenous peptide loading, which is commonly used in DC-based cancer vaccines, or APCs genetically modified to process the full-length target protein or APCs expressing SCT. Activation of Radium-1 T cells mediated by the 19-mer Ii construct (IiTGF19AA) was as potent as the response seen upon stimulation with the short Ii mutant (IiTGF9AA). These results indicate that the long 19-mer peptide loaded by Ii was properly processed and shorter peptides, with the correct length, were generated and bound to HLA-A2 molecule. This represents an extension of our previous report using Ii and short peptides 23 and suggests that CD4 + T cells could be stimulated by the same construct. Therefore, we tested T cells bearing the class II-restricted TCRs, Radium-6 or Radium-5, recognizing the same frameshift mutation as Radium-1 but in the context of MHC-II molecules. These T cells responded to target cells expressing IiTGF19AA proving that the Ii construct could be trimmed both for Class I and Class II peptide loading. The strongest activation was achieved in the presence of exogenously loaded peptide; however, the beneficial effect of this MHC loading approach might be drastically reduced in an in vivo setting by the rapid degradation of the peptide. 41, 42 A precise microscopy analysis of the Ii constructs showed that all Ii constructs except the one with 166AA were transported to early and late endosomes. The uptake of antibodies recognizing the luminal domain of Ii showed that these constructs traffic via the plasma membrane like the native Ii. 43 The longest construct containing 166 amino acids was found to be retained in the ER, potentially by misfolding or more specific retention. Our limited number of constructs thus showed that the CLIP region could be exchanged within peptides from 9 to 34 amino acids without altering the traffic to the endocytic pathway. Potentially somewhat longer peptides could have been inserted but this was not necessary for the combined MHC-I and MHC-II antigen presentation in our experiments. The influence of inserted peptides are likely dependent on the specific sequence as well as its length; therefore, the insertion of a new peptide should be tested in an intracellular trafficking assay. We found that the 166AA construct was retained in ER and could not load MHC-I and II, showing that ER localization was not sufficient to ensure proper loading. This was confirmed when we used a published minigene construct targeted to ER: although the MHC-I epitope was properly trimmed to be presented by MHC-I as previously reported, 33 MHC-II molecules could not be loaded. Thus, the Ii constructs provided an ideal environment not only for targeting to the endosomal pathway but also for proper antigen loading of both MHC-I and MHC-II. This is surprising as others have shown that co-expression of MHC-II and Ii had rather an inhibitory effect on the T cells; however, the expression was performed on cancer cell with the wild-type molecules. 44 It would, however, be interesting to understand the mechanism behind Ii-dependent activation and inhibition of immune response. It could reside in the loading mechanism which is still unclear: it was recently shown 45 how protein antigen could be processed through an autophagy-and proteasome-dependent pathway after endocytosis and how CD8 T-cell epitopes are loaded onto MHC-I molecules within the autophagolysomal compartment rather than the conventional secretory pathway, which requires transporters associated with antigen processing-dependent transport. This could also be the case for long peptides, but we do not know the precise mechanism for the crosspresentation of long peptides used for CLIP replacement in our system. This would be a mechanistic study of antigen presentation that is outside the scope of this paper, but we have provided functional proof of T-cell stimulation that this cross-presentation does indeed exist.
Finally, we used DCs to test the priming and boosting potency of Ii construct. DCs have been extensively investigated as antigen delivery vehicles in cancer immunotherapy via vaccination. In order to demonstrate the priming capacity of Ii-electroporated DCs, we used autologous naive T cells and showed that positive T cell population could be observed. Although we reached statistical significance only with IiTGF19AA priming of CD8 + T cells and not with the original vaccination peptide, we believe that the experiment was an underestimation of the vaccination potential for the following reasons: (i) the detection method (functional assay) might not be ideal to distinguish lower affinity clones or low frequency antigen-specific T-cell clones; unfortunately multimer-based assessment of TGFbRII-specific T-cell populations could not be performed because of instability of the multimers, (ii) primed TGFbRII-specific T cells might have peaked earlier than day 22 and became barely detectable by the day of the functional assay, (iii) in vitro culture conditions may not be ideal for efficient priming and (iv) more experimental time points, and more experiments and donors, would be needed. However, although significant only for the CD8 T cells primed with IiTGF19AA, each T cell subtype shows a tendency to increase their reactivity to the TGF peptide after priming. This strongly suggests that Ii constructs can evoke an immune response, in a clinical setting, and our study demonstrates the great potential of CLIP replaced Ii construct for cancer vaccination.
Materials and methods
Cell culture
Leukapheresis of non-mobilized healthy donor was performed on site and both monocytes and lymphocytes were harvested. T cells were thawed and expanded using Dynabeads CD3/ CD28. In brief, T cells were cultured with Dynabeads (Dynabeads®ClinExVivo™ CD3/CD28, Thermo Fischer Scientific) at a 3:1 ratio in complete CellGro DC Medium (CellGenix, Freiburg, Germany) with 100 U/mL recombinant human IL-2 (Novartis, Emeryville, CA) for 10 days. The cells were frozen and aliquots were thawed and rested in complete medium before transfection and antigen presentation assay. Frozen autologous monocytes were used to generate dendritic cells. Briefly, monocytes were thawed and cultured 2 days in CellGro DC medium supplemented with IL4 (20 ng/ml) and GM-CSF (100 ng/mL) followed by 24h in the presence of IL4 (20 ng/mL), GM-CSF(100 ng/mL), IL1-b (10 ng/mL), TNF-α (20 ng/mL), IFN-γ (5.000 IU/mL), R848 (1 µg/mL) and PGE2 (250ng/mL) in order to provide the necessary signals for DC maturation. Epstein-Barr virus-transformed lymphoblastoid cell lines (EBV-LCL) were prepared in house by immortalization with EBV using supernatants from the Mamorset cell line B95-8.
Human cell lines were routinely checked for mycoplasma using (Venor® GeM; Minerva Biolabs, Berlin, Germany). T2 cells (ATCC CRL-1992) were cultured in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FCS (Gibco, Thermo Fisher Scientific) and gentamycin 0.05 mg/mL (Thermo Fisher Scientific). Madin Darby Canine Kidney (MDCK) cells (ATCC CCL-34) were cultured in DMEM cell culture medium (Whittaker, Walkersville, MD, USA) supplemented with 10% FCS, L-glutamine (Gibco, Thermo Fisher Scientific) and gentamycin 0.05 mg/mL. All cells were grown at 37ºC in 5% CO 2 . 
DNA manipulation and cloning
The full-length construct encoding the TGFbRII frameshift mutant was ordered as a synthetic DNA. The construct encoding TGF9AA was cloned by site-directed mutagenesis of an Ii WT construct 23 using the following primers: 5ʹ-CTG TGA GCA AGC GTC TGT CAT CAT GCG TTC CTG TGG CTC AGG CGC TGC CC-3ʹ and 5ʹ-GGG CAG CGC CTG AGC CAC AGG AAC GCA TGA TGA CAG ACG CTT GCT CAC AG-3ʹ. Single Chain trimer encoding for HLA-A2 with the TGF9AA peptide was prepared by site-directed mutagenesis using our previously reported constructs 46 as a template and the following primers: 5ʹ-GGC CTC GAG GCT CGT CTG TCA TCA TGC GTT CCT GTG GCT GGC TGT GGC AGC-3ʹ and 5ʹ-GCT GCC ACA GCC AGC CAC AGG AAC GCA TGA TGA CAG ACG AGC CTC GAG GCC-3ʹ. A construct containing human Ii coding sequence (p33 isoform) was modified by site-directed mutagenesis to replace the CLIP region by two restriction sites KpnI/XhoI (Addgene construct: 104634). The construct was opened, dephosphorylated and the coding sequence for TGF19AA peptides ( Figure  1(a) ) was designed as sense and complement primers with sticky-ends (underlined) for the restriction sites: 5ʹ-CAA GAG CCT GGT GAG ACT GAG CAG CTG CGT GCC CGT GGC CCT GAT GAG CGC CAT GAC CC-3ʹ and 5ʹ-TCG AGG GTC ATG GCG CTC ATC AGG GCC ACG GGC ACG CAG CTG CTC AGT CTC ACC AGG CTC TTG GTA C-3ʹ. Primers were ordered 5ʹ-phosphorylated and were subcloned into the Ii vector after annealing using a PCR cycler set to the following conditions: 95ºC for 30 s, 72ºC for 2 min, 37ºC 2 min, 25ºC 2 min. The insert was then kept on ice and used at 0.5 µM final concentration. Construction of TGF34AA was done by site-directed mutagenesis using primers adding the coding sequence of 15 amino acids in addition the previous 19 amino acids using these primers: CAC CAG CAG CAG CCA GAA GAA CAT TAC TCC TGC CAT ACT GAC TTG CTG CGA ATT CCA GAA TGC CAC CAA G and CTT GGT GGC ATT CTG GAA TTC GCA GCA AGT CAG TAT GGC AGG AGT AAT GTT CTT CTG GCT GCT GCT GGT G. The TGF166AA and TGF166AAb coding sequence were inserted by amplifying it from the full-length coding sequence (our collection) and ligating it to the Ii construct. For TGF166AA, one primer pair was designed to remove the C-terminal part of the Ii from translation by inserting two STOP codons after the peptide coding sequence: tat GGT ACC ATG GGT AGA GGC TTG CTT C and TAC TCG AGT CAT CAG CAG CAA GTC AGT ATG G. TGF166AAb was prepared with the same forward primer as for TGF166AA cloning, but a reverse primers without STOP codons: TAC TCG AGG CAG CAA GTC AGT ATG G. Amplification was carried out using Pfx polymerase (Invitrogen, Carlsbad, CA, USA) following these cycling conditions: 94°C 4 min, 20 cycles of (94°C 30 sec, 53°C 30 sec, 68°C 45 sec) 68°C 7 min, 4°C ∞. Purified product (Nucleospin Gel and PCR clean-up, Macherey-Nagel, Düren, GE) was cut with KpnI and XhoI and ligated into Ii-containing plasmid. Ii constructs containing CEA 691-699 and CEA 678-702 were constructed by primer annealing using the following pairs: CTG TGA GCA AGA TCA TGA TCG GCG TCC TGG TGG GGG TGC AGG CGC TGC CC and GGG CAG CGC CTG CAC CCC CAC CAG GAC GCC GAT CAT GAT CTT GCT CAC AG, and CGG CAC CAG CCC CGG CCT GAG CGC CGG CGC CAC CGT GGG CAT CAT GAT CGG CGT GCT GGT GGG CGT GGC CCT GAT CG and TCG ACG ATC AGG GCC ACG CCC ACC AGC ACG CCG ATC ATG ATG CCC ACG GTG GCG CCG GCG CTC AGG CCG GGG CTG GTG CCG GTA C, respectively. The CEA TCR was previously published 47 and its sequence was kindly shared by Dr. M. Parkhurst (NCI, Bethesda, MD, USA). A synthetic DNA was ordered as codon-optimized.
All constructs were cloned into pENTR/TOPO following manufacturer's protocol (ThermoFisher) and were, after sequence confirmation, subcloned into expression pCIpA102 or pMP71 vectors as described in. 48 Primer synthesis, artificial DNA preparation (minigene) and sequencing were performed by Eurofins-MWG (Ebersberg, Germany).
mRNA synthesis was performed as follows: pClpA102 plasmids containing the gene of interest were linearized by cutting at unique MfeI restriction site situated at the end of the polyA tail. The mRNA was prepared from the linearized template using RiboMAX™ Large scale T7 (Promega, Madison, WI, USA) adding ARCA-cap (TriLink BioTechnologies, San Diego, CA, USA). Finally, mRNA was purified using RNeasy Midi kit (Qiagen, Hilden, Germany) and stocked at −20ºC until further use.
Electroporation of cells was performed in a 2 mm gap electroporation cuvette at 250 V for 2 ms (5x10 6 EBV LCLs) or 4 mm gap cuvette at 500V for 2 ms (40x10 6 T cells and 20 × 10 6 DCs) using an Square Wave Electroporator (BTX Technologies Inc., Hawthorne, NY, USA). Cells were prepared for electroporation by harvesting and washing them twice in cold RPMI 1640. Cells were then mixed with mRNA at a final concentration of 100 ng/µL in either 200 µL (2 mm gap cuvette) or 800 µL (2 mm gap cuvette). Immediately after electroporation, cells were transferred to 2 mL complete medium and kept at 37°C in 5% CO 2 overnight.
Retroviral manipulation and transduction was performed as previously described. 48 Functional assay TCR expressing T cells were stimulated for either 5 h (CD8 + T cell stimulation) or 12 h (CD4 + T cell stimulation) with autologous DCs, EBV immortalized LCL cells or T2 cells. DCs were loaded with the tumor-derived peptide either at the stage of mature DCs or immature DCs; in the latter case, the immature DCs were further incubated for 24 h in the presence of the maturation cocktail as described above in Material and Methods. Antigen-presenting cells were either loaded with 10 µM of 19-mer TGFbRII frameshift peptide or electroporated to express IiTGF constructs or the full-length TGFbRII frameshift protein. Control samples (-) were mock electroporated with dH 2 O and were used as a negative stimulation condition. T cells and APCs were mixed at an effectorto-target ratio of 1:2 and in the presence of anti-CD107a antibody, BD GolgiPlug and BD Golgistop (BD Biosciences, Chicago, IL, USA) at a 1/1000 dilution. Post stimulation, cells were stained with anti-CD8, anti-CD4, anti-TNF-α antibodies (BD Biosciences, Chicago, IL, USA). The functional assay over time (Figure 4(c) ) was performed as follows: EBV-LCL (antigen presenting cells) were electroporated with liTGF19AA, Minigene, full-length TGFbRII frameshift protein or loaded with the corresponding peptide. The cells were then grown for 12, 24, 36, 48 or 60 h before being mixed with the effector T cells and stained as depicted above. Degranulation or cytokine production signals were acquired on a BD FACSCanto II flow cytometer (BD biosciences) and the data were analyzed using FlowJo (TreeStar, Ashland, OR, USA).
In vitro generation of DC for antigen presentation and priming assay
Monocytes from a healthy donor were cultured 2 days in CellGro DC medium supplemented with IL-4 and GM-CSF. Immature monocyte-derived DCs were supplied with the tumor antigen; briefly immature DCs were electroporated with either mRNA encoding for Ii carrying TGF19AA peptide (liTGF19AA) or loaded with TGF19AA peptide (19AA, 10 µM). The immature DCs were then cultured for 24 h in the presence of a maturational cocktail containing IL4, GM-CSF, IL1-b, TNF-α, IFN-γ, R848, and PGE2. Mature DCs were then used in T cell priming experiment. The two distinct DC populations (liTGF19AA and 19AA) were cultured with autologous PBMCs at 1:10 or 1:20 DC:PBMC cell ratio in CellGro DC medium. On day 3, T cell cultures were supplemented with hIL2 (20 U/mL) and hIL7 (5 ng/mL). On day 12, T cell cultures were restimulated under same DC conditions and, on day 22, T cell cultures were screened for the presence of TGFbRII frameshift-specific T cells by measuring the frequency of T cells producing TNF-α cytokine by flowcytometry Confocal laser scanning microscopy MDCK cells were grown to 70% confluency in 35 mm microwell dishes (MarTek, Ashland, MA, USA). The cells were then transiently transfected with appropriate constructs using Fugene 6 (Roche) as described by the manufacturer. One hour prior to imaging, the cell medium was exchanged with complete DMEM without phenol red, and cells were incubated with anti-Ii (M-B741-Alexa 647) to a final concentration of 1 µg/mL. The Rab5-RFP construct was a gift of Frode Skjeldal at the Normic Oslo imaging platform. Confocal images were acquired on an Olympus FluoView 1000 inverted microscope equipped with Plan/ Apo 60/1.10 NA oil objective (Olympus, Hamburg, Germany). Constant temperature was set to 37°C and CO 2 to 6% by an incubator enclosing the microscope stage. Fluorochromes were exited with 488nm, 543nm, and 647nm lasers. All image acquisition was done by sequential line scanning to eliminate bleed-through.
